The necessity to reduce the size of actuators and at the same time increase the force and the air gap has placed severe constraints on the suitability of current microactuator technology for various applications. This has led to the development of new actuator technologies based on novel materials or modifying existing systems. As an effort in this direction, we are reporting on the design and fabrication of a hybrid actuator employing a combination of electromagnetic and piezoelectric actuation methods for the first time. This actuator was designed and optimized by using the piezoelectric and electromagnetic solvers of commercially available FEM software packages (CoventorWare and ANSYS). The device consists of a shaped piezoelectric composite cantilever on the top and a copper coil wound around a permalloy core assembled on a silicon substrate with a permanent magnet at the bottom. The composite cantilever consists of polarized piezoelectric polymer polyvinylidene fluoride (PVDF) with an electroplated permalloy layer on one side. Microstructures in the required shape are introduced using novel methodologies including laser micromachining and microembossing. The hybrid actuator has been fabricated and tested using standard testing procedures. The experimental data are compared with the simulation results from both the finite element methods and the analytical model. There is excellent agreement between the results obtained in simulation and by experiment. A maximum total deflection of 400 µm with a typical contact force of 200 µN has been achieved.
Introduction
Microsensors and microactuators are considered as amongst the most critical elements of microelectromechanical systems (MEMS) devices. There has been a growing interest in the development of new microactuator technologies with the increasing requirement for low cost, large air gap/force microswitch arrays for various applications. In particular, large air gap/force microactuators are essential for high voltage switching in automobile electronics, test equipment, switchboards and in network remote reconfiguration [1, 2] . Further, some of the applications in communications require switches, which should use power only during the operation of the switch/actuator. Recent publications have described a number of high quality bistable microswitches based on electrostatic, magnetic, piezoelectric and thermal actuation. Electrostatic actuation [3] has been a mechanism of choice if low displacements are required. Thermal actuation has been extensively used in microactuators such as microvalves and micropumps.
Though large force with reasonable displacement can be achieved from thermal actuators, these are inherently high power consuming systems. Piezoelectric actuation [4] [5] [6] [7] is an attractive mechanism for microscale actuators because of its high precision, speed and low power consumption. However, these are mostly low air gap and small force systems.
Electromagnetic actuation has the potential to generate large deflections and large forces depending on the design, materials used and the size of the device. The major advantage with the magnetic actuators is that these are very robust even in harsh environments, and they can be driven by simple and commonly used low cost and low voltage control systems. Bidirectional actuation is widely used in magnetic actuators [8] [9] [10] [11] [12] based on a combination of a permanent magnet and an electromagnet. By altering the direction of current flow through the electromagnet coils, either attractive or repulsive force can be generated. Different actuation configurations were designed to suit the requirements of applications such as current or voltage switching, motor or bearing applications, valves or pump related applications. Typically ±80 µm displacement can be achieved by applying 100 mA DC current [10] with an actuation force of 200 µN at a coil current of 80 mA. The air gap in such systems varied from 5 µm [11] to a few tens of micrometres. Though there have been designs of electromagnetic actuators which could produce a deflection over 300 µm, the force in such cases is as low as a few micronewtons. It is a challenge to meet the requirements of dimension, current, displacement and force at the same time. Further, as the dimensions of magnetic actuators are scaled down, the thermal management with adequate heat dissipation at such small dimensions becomes a problem, which limits the maximum possible drive current in the electromagnetic coil.
In order to overcome such limitations of individual actuators, we are reporting the design of a hybrid actuator, which employs two actuation mechanisms simultaneously, namely electromagnetic and piezoelectric actuations. More importantly, this work aims at applications where no power consumption is allowed in either the open or closed state of the actuator, after the switching operation. This actuator provides a relatively large force while at the same time facilitating a larger air gap. This paper discusses the details of the design, fabrication and testing of our hybrid actuator. 
Design and simulation of a hybrid actuator

Hybrid actuator concept
The configuration of the hybrid actuator is illustrated in figure 1 .
This actuator mainly requires a composite piezoelectric cantilever on the top. The copper coil wound permalloy core is assembled on a silicon substrate along with a permanent magnet at the bottom. The composite cantilever consists of polarized piezoelectric polymer polyvinylidene fluoride (PVDF) with an electroplated permalloy layer on one side. This actuator acts as a switch.
When the electromagnetic coil (wound around a permalloy core) is energized by a current, it generates an electromagnetic force, which attracts the cantilever towards the permalloy core. The deflection produced by the magnetic force is dependent on the applied current. However, this force is not sufficient to close the switch at low current, as the air gap is larger than the maximum possible deflection. Additional deflection is achieved using the PVDF composite cantilever based on piezoelectric actuation. This brings the switch to the closed position. Once the switch is closed it is only held by the external permanent magnet field. As the direction of the current changes, it generates an electromagnetic force in the opposite direction, which opens the circuit, bringing the switch to the open position.
Piezoelectric unimorph cantilever
In many microsystems devices, beams, diaphragms or cantilevers are used as actuators, with different actuation methods employed in each case. Piezoelectric actuators are among the most commonly used mechanisms used mainly in two modes, namely unimorph or bimorph. A single piezoelectric sheet bonded to a non-piezoelectric substrate is called a unimorph, while two piezoelectric sheets bonded together are called a bimorph [5] . These are used for a variety of applications such as electrical fans [6] , inkjet printers, control valves, micropumps and microrobots [7] . A unimorph cantilever beam is chosen in this application. It consists of commercially available piezoelectric polymer PVDF with a thin permalloy layer electroplated onto it. The schematic crosssection of this cantilever is shown in figure 2 . Piezoelectric polymer PVDF is 28 µm thick covered with thin metallized nickel and copper alloy electrode layers on both sides. The PVDF polymer is polarized in a plane parallel to its thickness. The non-piezoelectric layer is fabricated by electroplating permalloy to a thickness of approximately 5 µm. The length of the cantilever beam is 6 mm and the width is 1 mm.
Bimetal thermal analysis theory [13, 14] was used to obtain the theoretical expression for the inverse bending radius K , i.e., the second derivative of the deflection; it is given by 
where b and h are the width and thickness of the beam respectively. The tip deflection of the cantilever δ can be obtained by
CoventorWare was used to obtain a numerical solution for the piezoelectric cantilever. The parameters of the beam are optimized by using finite element analysis modelling and simulation. The tip deflection of the designed beam is proportional to the square of the beam length and to the applied voltage, but is little affected by the width. Figure 3 (a) shows the variation of the deflection with the thickness of the permalloy layer when the other parameters such as length, width and the thickness of PVDF are fixed at 6 mm, 1 mm, and 28 µm respectively. It can be seen from the graph that the deflection is almost constant up to a permalloy layer thickness of 5 µm. Further, as the permalloy layer thickness is increased to 30 µm, deflection has decreased to around 20 µm. This shows that a permalloy layer of thickness 5 µm is sufficient to provide maximum deflection. As the thinner permalloy layer may get damaged during the actuation, we considered 5 µm thickness to be optimum. Figure 3 (b) shows the finite element analysis of an optimized piezoelectric cantilever with the dimensions given above and a value of 2.8 GPa for the Young's modulus of PVDF and 150 GPa for the non-piezoelectric layer. When a 100 V voltage is applied on the piezoelectric polymer the tip deflection of the cantilever is 100.0 µm, which is in good agreement with 99.4 µm from the theoretical calculation.
Electromagnetic actuation
As illustrated in figure 1 , the electromagnetic component of the hybrid actuator produces the magnetic field necessary for attracting the cantilever. The magnetic force is caused by the permanent magnet and the electromagnetic coil with permalloy core. On the other side of the substrate, an Sm-Co permanent magnet with dimensions of 300 µm × 600 µm × 600 µm is attached underneath the permalloy core to hold the cantilever in the bistable position. The vertical electromagnetic force F z acting on the cantilever is given by [8, 15 ]
where M z is the magnetization of the permanent magnet, V the volume of the permanent magnet, and H z the vertical component of the magnetic field produced by the coil. The expression of H z produced by a current loop can be obtained by integration of the Biot-Savart law [16] . The magnetic field produced by the coil is proportional to the drive current and the number of coil turns. The electromagnetic force is also proportional to the volume of the permanent magnet. When the centre of the magnet is placed on the axis of the coil, all other components of force and torque vanish due to symmetry. Numerical simulation and design studies of electromagnetic components were performed using the ANSYS software package. Figure 4 presents the typical flux lines with the permanent magnet as well as the coil and the core including the cantilever with permalloy layer. The magnetic circuit has lines of force along the length of the core that appear to extend nicely on to the cantilever (with permalloy layer), which generates a force that helps in moving the cantilever in either direction, depending on the direction of the current in the drive coil. It may be noted that the magnetic flux line distribution is drawn at the middle position for a total air gap of 400 µm (the air gap is 200 µm at this moment).
Forces act on the composite cantilever
Distribution of magnetic force on the cantilever
In the 2D simulation of electromagnetic components, the cantilever beam (6 mm long and 1 mm wide) was meshed into 60 rectangular elements from 2 to 62. There are 122 nodes on the beam. The magnetic force distribution along the length of the beam is shown in figure 5 (a). This shows that the magnetic forces mainly concentrate at the end part of the beam. The forces which act on elements from 2 to 40 are so small that they can be ignored. The magnetic force distribution along the cantilever width is shown in figure 5 (b). This figure shows that the force distribution has a symmetric triangular shape. Maximum force beneath the permalloy core can be attributed to the shape of the circular core placed exactly beneath the cantilever at the edge. The force distribution along the beam can be simplified as a part of surface force exerting on the rear 1 mm section of the beam as shown in figure 6 . In this assumption, the beam length is L = 6 mm, the length with the surface load is b = 1 mm, a = L − b. If the force intensity along b is q, then the tip deflection for the cantilever beam with the surface load can be represented as
h p h neu X h m Y Figure 7 . Cross-section of the composite beam.
Mechanical force on the composite beam
The cross-section of the composite piezoelectric cantilever beam along with the electroplated permalloy layer is shown in figure 7 . The top part represents PVDF and the bottom the permalloy layers. The thicknesses of these layers are h p and h m respectively. h neu is the distance between the top surface of the beam and the position of the neutral axis.
Assuming that the materials behave in a linear elastic manner, Hooke's law for uniaxial stress is valid. Then the stresses in both the materials can be represented by the equations σ xp = −E p1 ky σ xm = −E m ky (6) in which σ xp is the stress in PVDF and σ xm is the stress in the permalloy layers at the x-axis. The position of the neutral axis can be found by using the condition that the resultant axial force acting on the cross-section is zero; therefore,
where it is understood that the first integral is evaluated over the cross-sectional area of PVDF and the second integral is evaluated over the cross-sectional area of permalloy.
Replacing σ xp , σ xm in the preceding equation by their expressions from equation (6), we get
The Young's modulus of these materials can be related to the bending moment M and the curvature ρ by
I p and I m are the moments of inertia about the neutral axis of the cross-sectional area of piezoelectric polymer and permalloy, respectively. E p and E m are the Young's modulus of PVDF (9), the h neu value is found to be 28.9 µm. From equation (5), q equals 412δ tip . Here δ tip is the tip deflection of the composite cantilever. If the air gap is 400 µm, the required maximum mechanical force to close the actuator would be 165 µN.
Actuation forces of the hybrid actuator
The forces acting on the cantilever are magnetic force, piezoelectric force and mechanical restoring force caused by the beam bending. Figure 8 illustrates the relationship between these forces and the beam deflection. Two of the curves represent the mechanical restoring forces, while the other two correspond to the electromagnetic force. These simulations used a thickness of 5 µm for the electroplated permalloy layer (the same value as used in the above analysis) on the PVDF cantilever. Other inputs provided in this simulation are drive coil copper wire diameter 50 µm with a total number of turns fixed at 100 and a coil input current of 80 mA. The permalloy core diameter and height are assumed as 500 and 2115 µm, respectively, while the thickness of silicon substrate is 345 µm and the dimensions of the permanent magnet are 600 µm × 600 µm × 300 µm. Figure 8 shows the variation of these forces with the beam deflection in a range up to 400 µm.
The mechanical restoring force as shown varies linearly with the beam deflection in the range 0-400 µm. Curves representing mechanical forces 1 and 2 are the mechanical restoring force without and with the external piezoelectric stimulation of the cantilever. In determining the force required for the cantilever with piezoelectric actuation, a base deflection of 120 µm is assumed to have been obtained with the piezoelectric actuation. The other two curves representing the magnetic forces were obtained with the current applied in opposite directions. In order to close the actuator, the magnetic force must be larger than the mechanical force at all beam tip positions.
In this example, as shown in figure 8 , when a positive current is applied to the coil, the generated electromagnetic force is smaller than the required mechanical force (mechanical force 1). With the assistance of the piezoelectric effect, the required mechanical restoring force decreases to mechanical force 2 so that the magnetic forces are larger than the A-A 110micron
1.5mm Figure 9 . Cross-section of the channel on polycarbonate.
mechanical restoring force at all tip positions during the switching operation. This makes the actuator close. When a negative current is applied on the coil the magnetic force becomes smaller than the mechanical restoring force, and the actuator opens. The optimized parameters of the system can be obtained by adjusting the curves with the desired characteristics.
Fabrication
To prove the hybrid actuation mechanism, prototypes of the hybrid actuator were fabricated. The composite piezoelectric polymer cantilever and magnetic component were fabricated separately. Even though PVDF can potentially be used in many microactuator applications, it is still a challenge for MEMS researchers to shape and form these kinds of polymers into a required shape and size. This work demonstrates a novel route for this purpose using laser micromachining, electroplating and punching (microembossing) techniques.
In order to fabricate the piezoelectric cantilever, the designed cantilever shape has been machined into a polycarbonate substrate using a 355 nm, frequency tripled Nd-YAG laser (Coherent Scientific, USA). A channel with the profile shown in figure 9 has been ablated on a polycarbonate substrate with dimensions 100 mm × 100 mm × 1.5 mm. Typical machining conditions used in this work are 80% of diode power, 10 kHz frequency and thermal track 4665 at 10 shots. As it is well known that it is difficult to obtain vertical walls using laser machining, the top and bottom dimensions of the fabricated structure are different. In this case, the widths of the feature at the bottom and top are 20 and 65 µm respectively, with an approximate depth of 110-120 µm. A nickel shim was electroformed on the polycarbonate replicating the profile of the machined channel. A conventional silver spray process is used to form the seed layer for the nickel electroplating process.
Punching of the PVDF polymer has been performed using a home-made embossing system at room temperature. The procedure used for this purpose is similar to the embossing technique described in [17] . The shim, PVDF film and the insert are fixed in a sandwich structure between the two aluminium plates shown in figure 10 , and this arrangement is enclosed in a vacuum chamber.
A 250 bar force (0.27 bar mm −2 ) was applied on the sample (area ∼38 mm × 30 mm) for 1 min. PVDF cantilever with designed shape was punched out in different orientations ranging from 0
• to 90 • . A typical cantilever beam is shown in figure 11 . The crossed line pattern seen in the middle of the punched beam surface is the stretch direction of PVDF. During the punching process PVDF cantilevers with an orientation angle more or less than 0 are very easy to punch out as shown in figure 11(a) ; however, we prefer to punch out the cantilever along the stretch direction as shown in figure 11(b) . The reason is that the tip deflection of a PVDF composite cantilever is mainly contributed by d 31 , which is the piezo strain coefficient along the stretch direction. When an electrical field actuates the cantilever it will elongate along the stretch direction. This means that the PVDF composite cantilever along the stretch direction achieves the maximum tip deflection. The effect of the orientation angle of the beam on the tip deflection of the cantilever is shown in figure 12 . The dimension of the cantilever is based on the optimized parameters above. The measured dimensions of the cantilever beam are 6 mm long and 1 mm wide with an edge roughness of 10-20 µm.
Electroplating of a permalloy layer on the PVDF was performed using a standard bath composition described in [18] . A basic sulfate bath with pH of 3.5 was used. The plating was carried out at room temperature (25
• C) using a current density of around 5 mA cm −2 . Considering a plating rate of around 6 µm h −1 , it has taken less than an hour to plate approximately 5 µm. After plating, at times the PVDF cantilever has been bent. This may be attributed to the residual stresses within the electroplated permalloy layer on the PVDF substrate or because of the weight of the plated material on the thin polymer substrate.
The electroplated layers are, in general, known to contain residual stresses essentially due to the electrochemical kinematic processes that occur during the plating process [19] . The plating parameters such as current density, bath concentration, pH and temperature are known to contribute to the residual stresses developed during the deposition process. Residual stresses in electroplated permalloy films are also sensitive to the Fe content in the films, beyond a value of Ni to Fe ratio. Different techniques have been used to measure the internal stress during electroplating [19, 20] . However, it is hard to find a process variable that does not influence the internal stresses of the deposited layers. In this work, we found that current density is a critical parameter with respect to the reduction of residual stresses. With the increase of the current density the plating rate had been increased, at the same time increasing the surface stresses. Therefore lower temperatures and lower current densities were used in the electroplating process in this fabrication. A 50 µm diameter pure copper wire was wound around the 500 µm diameter permalloy core to form 100 coil turns within the core height of 2-3 mm. The permalloy core with the coil was bonded on the silicon substrate by using epoxy. The permanent magnet with dimensions 600 µm × 600 µm × 300 µm is attached on the other side of the silicon wafer as shown in figure 1 . A jig was made to align the permanent magnet in the centre of the permalloy core. The piezoelectric cantilever was suspended and adjusted by a threeaxis stage micrometer to the designed position to fit the air gap simultaneously.
Test results and analysis
Three prototypes of the devices were fabricated and tested as shown in figure 13 . The height of permalloy core h and the thickness of the silicon substrate t varied for the three devices as indicated in table 1. The tip deflection of the composite piezoelectric cantilever was measured by the threeaxis micrometer stage by applying a voltage in the range 100-150 V. The driving coil current was maintained in the range of 50-90 mA. Tip deflection of the cantilever induced by the piezoelectric effect and electromagnetic effect was measured respectively. Table 1 indicates the tip deflection at different voltages and drive coil currents for each of these devices. The test clearly shows that the piezoelectric effect can induce 130-145 µm beam deflection at applied voltage 150 V, and the electromagnetic effect can cause 260-270 µm beam deflection at drive current 80 mA. A 400 µm air gap of the hybrid actuator can be achieved by 150 V voltage and 80 mA current. A photograph of a fabricated hybrid actuator is shown in figure 13 . Figure 13(a) shows the open position of the actuator with the current applied in the coil. Figure 13(b) is the closed position of the actuator with 80 mA current applied to the coil and 150 V voltage. In order to characterize the piezoelectric effect on the composite cantilever, 60-180 V voltage was applied on the cantilever. The electrode connections were broken down after 200 V high voltage. Figure 14 shows the tip deflection on the piezoelectric cantilever as a function of the applied voltage. The tip deflection of the cantilever is proportional to the applied voltage. The 20% difference between the experiments and the simulation is caused by the accuracy of the thickness of the electroplated permalloy layer and the residual surface stress on electroplating layer. The experimental results listed in table 1 are in good agreement with simulation values.
The switch on and off characteristics of the device have been tested using an oscilloscope. This shows that the switchon time at the cantilever tip depends on the air gap between the tip of the cantilever and the top of the permalloy core, and the excitation current and voltage, which is agreement with modelling analysis of a typical microswitch [21] . For an air gap of 400 µm, the switch-on time of this device is in the range 50-100 µs.
The switch-off characteristic is important since the energy stored in the deflected cantilever for a closed switch may lead to a repeated contact after opening the switch.
It is well known that all mechanical switches generate some mechanical bounce [22, 23] . That is, for every time they are switched, they actually open and close their contacts several times before settling down to their new position. For normal switches, this can last from as little as a fraction of a millisecond (ms), to as long as 50 ms. Only very high quality switches generate little or no bounce. In this device, the mechanical bounce was tested by an oscilloscope by opening and closing the switch. It is around a few milliseconds.
Conclusion
This work demonstrates the principle of a hybrid actuator, which integrates piezoelectric and electromagnetic actuation together, to achieve deflection over a larger air gap than any of the single actuators individually.
The device consists of a specifically shaped piezoelectric cantilever with an electroplated permalloy layer on the top, and a copper coil wound around a permalloy core assembled on a silicon substrate with a permanent magnet at the bottom. The piezoelectric polymer PVDF was punched out to the designed shape by using microembossing and micromachining techniques. The permalloy layer was electroplated on the piezoelectric polymer PVDF to form a piezoelectric cantilever. The tip deflection of the cantilever to a closed position is achieved by the combined force of piezoelectric and electromagnetic effects. The permanent magnet holds the cantilever in the closed position, even when the current and voltage are removed. Hence it does not require power, once it is closed. A negative current on the coil will unlatch the cantilever to an open position. Again, once switched to the open position, no power is necessary to keep it in that position. The switch on and off characteristics were tested and there is very little mechanical bounce during the switching operation. As this switch is not used for high speed switching the switch time is not very critical. These actuators will be useful in applications where the frequency of operation (number of onoff operation cycles) is small, but requires larger force or displacement.
The results of the simulation clearly showed that the combined use of two different actuation mechanisms (piezoelectric and electromagnetic) ensures that the force achieved is always higher than the mechanical restoring force during the closing operation. The experimental results are in good agreement with the theoretical analysis obtained from simulation using finite element packages. This design and modelling method can be extended to fabricate a planar microhybrid actuator.
